Abstract. Field, petrography and major elements geochemistry of the ultramafic -mafic rocks of Wadi Khamal area led to the recognition of the following rock groups, namely: 1) ophiolitic suite, melagabbronorite and cumulate gabbronorite to the south of Wadi Mahalah (southern ultramafic-mafic rocks) and 2) Wadi Khamal anorthositegabbro complex to the north.
The ophiolitic rocks in the southern area include serpentinites, peridotites and pyroxenites. The serpentinites contain large blocks of amphibolites, schists, gneisses, and metagabbros. These rocks were intruded by melagabbronorite and cumulate gabbronorite. On the AFM diagram, these rocks plot along the MgO-FeO* side in the tholeiitic field except those of the melagabbronorite which plot within the calcalkaline field.
The Wadi Khamal complex consists of four major units; marginal gabbro unit, anorthosite unit, central gabbroic unit and northern gabbronorite unit. The marginal gabbro unit and anorthosite unit have a calc alkaline differentiation trend while those of the central gabbro unit (olivine gabbro, melagabbronorite and Fe-Ti oxides-apatite gabbronorite) and the northern gabbronorite show a distinct different trend parallel to the FeO*-MgO side line and belong to the tholeiitic differentiation trend. Based on major element geochemistry, the southern ultramafic -mafic rocks were derived from a more mafic liquid source rather different from magma source(s) which formed the Khamal anorthosite-gabbro complex.
The Fe-Ti oxides-apatite gabbronorite of the central unit of the Khamal complex hosts two main types of Fe-Ti oxide ores. 1) Massive bands of nelsonite ore consist mainly of magnetite, ilmenite, apa-tite and minor amounts of silicates. It occurs in the form of bands and
Introduction
The Proterozoic layered ultramafic-mafic rocks of the Wadi Khamal area drew the attention of many researchers because they host numerous types of mineralization; e.g. Cu-Ni (Pt) sulfides, Fe-Ti oxides and chromite. The area is located in the western central part of the Hijaz terrane, about 400 km north of Jeddah city. It is situated in the western part of Yanbu Al Bahr quadrangle (Sheet 24C, Pellaton, 1979) (Fig. 1) .
The area was studied by many workers; Bache and Chevermont (1976) , Pellaton (1979) , Hashem (1981) , Chevremont and Johan (1981) , and Al Ghamdi (1994) . The Wadi Khamal area has complex lithology and lithostratigraphy. The study area is dominated by a sequence of ultramafic-mafic rocks which belong to Wadi Khamal-Wadi Murattijah complex (Chevremont and Johan, 1981) . These rocks intruded the metamorphic rocks of the Farri group and the post-Al Ays granitoid rocks (Pellaton, 1979) . This rock sequence was intruded by younger granitic batholiths, and mafic dykes, and is locally overlain by Tertiary to Quaternary basalt flows, marine sediments and alluvial terraces.
The classification and origin of the ultramafic-mafic rocks in the Wadi Khamal area is a subject of controversy among the different workers. In the light of the present geological and geochemical studies a new lithostratigraphic sequence has been proposed. Moreover, the different types of mineralization associated with certain rock types within the rock sequence are also discussed.
Geologic Setting, Mapping and Petrography
Integration of Landsat EMT+ and SPOT-5 data along with field verification were utilized in production of a 1:25,000 geological map for Wadi Khamal area. Band ratios technique was the main technique used for the lithologic discrimination (Drury, 1993) in which the DN value of one band is divided by the other DN value of the other band. The following band ratios 5/7:R; 7/1:G & 5/1:B were generated throughout this study. SPOT-5 data was fused with the previously described band ratios image using IHS transformation method (Chavez and Bowell, 1988; Madani, 2003) to generate 1:25,000 image map ( Fig.1) for Wadi Khamal area. The resulting fused image was integrated with the lineaments and major faults verified in the field to generate a geological map for the study area (Fig. 2) . In this study SPOT-5 data were used for lineaments analysis and extraction. The advantage of high spatial resolution of SPOT data makes it suitable for such analysis. Edge detection, threshold and linear feature extraction steps are the main processing steps carried throughout PCI -LINE Package. Figure 2 shows the main trends of the automatically extracted lineaments over the study area. The main trends are NW -SE constituting the 33% of total lineaments number. NE-SW, E-W (ENE) and N-S (NNW) are the main subordinate directions constitute 24%, 23% and 20% of total lineaments number (1179). Structural information extracted from the lineaments analysis together with the previous literature and field check were used to construct the geological map for the study area.
The most important structural elements recorded in the study area were faults which show the following main trends; NW -SE, NE-SW, E-W (ENE) and N-S (NNW). The ENE-WSW to E-W trend represents one of the main tectonic trends crossing the Neoproterozoic basement complex in the Arabian-Nubian Shield. ENE-WSW direction exhibits right lateral strike-slip sense which could be observed in the field and traced on the SPOT data.
The oldest rocks exposed in the Wadi Khamal area belong to the El Hinu Formation which represent an infrastructural unit. On the band ratios image (Fig. 1 ) this unit appears to have a pale green image signature. The rocks of the Al Hinu Formation are highly deformed and regionally metamorphosed up to amphibolite facies. They include para-and orthoamphibolite, quartzite, feldspathic schist and gnesisses (locally granitized and migmatized). The age of the Al Hinu formation rocks is uncertain, but Kemp et al., (1980) reported an age older than 780 Ma. Pellaton (1979) indicated that these rocks predate the emplacement of the Wadi Khamal complex and the southern ultramafic-mafic rocks, possibly belong to the Farri Group, or could represent an older basement. The other rocks in the Khamal area can be grouped into two distinct groups namely: an ophiolitic suite and gabbroic rocks exposed to the southwest of Wadi Mahalah; and the Wadi Khamal ultramafic -mafic complex (Fig. 2) .
The ophiolitic mélange suite and the Wadi Khamal ultramafic -mafic complex, which are the target of the present study, are further intruded by younger granitoid rocks (Post-Khamal intrusions). The younger granitic rocks occupy the southeastern and northwestern parts of the mapped area (Fig. 2) . They are of limited distribution and are found as dikes and small intrusive bodies into the ophiolitic rocks, the marginal gabbros and the anorthosites of the Khamal complex.
The correlation between the different classifications of the ultramafic-mafic rocks in the Wadi Khamal area is presented in Table 1 along with a new proposed classification tentatively arranged chronologically from oldest to youngest.
I. The Ophiolitic Suite
The rocks of the ophiolitic mélange suite were considered by some workers as a part of the Wadi Khamal-Al Murattijah complex (Chevermont and Johan, 1981 and Al Ghamdi, 1994) and as different rock units by others (e.g. Pellaton, 1979; Hashem, 1981 and Bache and Chever-mont, 1976 ). The ophiolitic mélange rocks which occur as isolated outcrops and as roof-pendants, are highly deformed and regionally metamorphosed up to the lower amphibolite facies. The ophiolitic rocks include the serpentinites, peridotites and pyroxenites. The serpentinites contain many ophiolitic and non ophiolitic rock blocks of variable sizes, few cm up to few meters diameter, and of diverse nature, igneous and metamorphic. On the band ratios image (Fig.  1) , this unit shows pink image signature. The rock fragments are ophiolitic metagabbro, amphibolites, hornblende hornfels, diorite, pyroxenehornblende gneiss and tremolite schist (Fig. 3A) .
The serpentinites contact with the melagabbronorite show development of a contact metamorphic aureole, tens of meters wide. Whole rock and mineral samples from the nearest ophiolitic rocks (Jabal Al Wask and Jabal Al Ess) yielded Sm-Nd isochron ages of 743±24 and 782±38 Ma (Claesson et al., 1984) .
The essential rock type of the serpentinite is chrysotile-lizardite which consists of chrysotile, lizardite, magnetite and chromite, while close to melagabbronorite, metamorphic mineral assemblages of anthophyllite, tremolite, talc and magnesite are developed. The chrysotilelizardite serpentinite is blocky, sheared and fine grained with development of mesh and bastite textures. Chrysotile is the dominant serpentine polymorph, occurs as veinlets and microbands displaying a ribbon-like texture, or form the outer girdle of the mesh texture. Lizardite follows chrysotile in abundance and occurs as small platelets forming the core of some mesh texture, and as the main part of bastite. Tremolite occurs as long prismatic crystals and bundles (1 to 2mm long) as well as fibro lamellar crystals. Talc occurs as fine-grained subhedral prismatic and flaky forms.
Peridotites are slightly serpentinized and locally contain patches of gossan with copper staining. These rocks are intruded by melagabbronorite dykes which are slightly tectonized.
Pyroxenites are observed as roof-pendants on the cumulate gabbronorite (Fig. 3B) . Along the eastern margin, the layered peridotite and pyroxenite are intruded by dyke-like granite bodies parallel to the layering (Fig. 3C ).
Peridotites include weherlite and lherzolite, both are massive. Locally, they occur as thick bands alternating with pyroxenites. Wehrlite consists of olivine, clinopyroxene, and magnetite. Chlorite and serpentine minerals (chrysotile, lizardite, serpophite and brown iddingsite) represent secondary minerals almost entirely after olivine. Lherzolite is less affected by serpentinization and consists of olivine 50-60%, clinopyroxene, 25-35%, and orthopyroxene, 15-20%.
Pyroxenite is the most abundant rock type of the southern ultramafic rocks. The rock is melanocratic, medium-to coarse-grained and consists almost entirely of clino-and orthopyroxene, over 95% of the rock mode. The clinopyroxene / orthopyroxene ratio shows great variation, and gradation may exist from clinopyroxenite to orthopyroxenite. Primary accessory phases include olivine, plagioclase, magnetite, ilmenite, and sulfides.
II. Diorite-Tonalite-Granodiorite Complex
The rocks of the ophiolitic mélange suite were intruded by granitoid rocks of the diorite-tonalite-granodiorite complex which show green image signature with reddish spots (Fig. 1) . The rocks mainly exposed on the eastern and southern parts of the area, were intruded by Wadi Khamal complex. Hornfelsic zone up to 1 m wide was recognized in the diorite rocks, very close to the contact with the marginal gabbro of Wadi Khamal complex (Fig. 2) . These rocks intrude and carry roof-pendants from the ophiolitic rocks. Similar tonalites from Jabal Salajah north of the study area, yielded an age of ≈ 725 Ma by Rb-Sr method (Kemp et al., 1980) .
III. Melgabbronorite
The melagabbronorite is mainly exposed in the southwestern part of the area and is characterized by the presence of numerous roof-pendants of the ophiolitic serpentinities (Fig. 2) . The rocks are fine grained (0.5-2mm), melanocratic (modal pyroxene range from 75-85% of the rock) with blackish-to grayish green color. It consists essentially of clino-and orthopyroxene, andesine and olivine in decreasing order of abundance. Brownish to pale green amphiboles are relatively abundant in some samples, formed on the expense of pyroxene. Accessories of opaques and apatite are of scarce abundance, most occur either as inclusions in pyroxene or in the interstices between the silicate minerals. The melagabbronorite was considered to be older than Al Ays Group which has an age of 684 Ma (Pellaton, 1979) . On the band ratios image (Fig. 1 ) these units show red image signature.
IV. Cumulate Gabbronorite
The cumulate gabbronorite occurs in the southwestern part of the area intruded the ophiolitic ultramafic rocks and has not been described before. It is of limited distribution and unmappable and occupies the floor of the wadies in association with the southern ultramafic rocks. The cumulate gabbronorite is geochemically different from the melagabbro-norite (see geochemistry section). The rock exhibits cumulate texture and is both massive and foliated, melanocratic with dark greenish color. The cumulate gabbronorite consists of plagioclase of andesine composition (An 45-52 and An 48 on average), clinopyroxene, orthopyroxene, Fe-Ti oxides and apatite in relative decreasing abundance. Green hornblende locally forms secondary reaction rims around the ortho-and clinopyroxene. Plagioclase is the most abundant phase, 50-60%.
V. Khamal Anorthosite-Gabbro Complex (KAGC)
The ultramafic-mafic rocks of the Khamal anorthosite-gabbro complex (KAGC) are exposed mainly north of Wadi Al Mahallah forming an elliptical body 5x12 km trending N15ºW. They are considered to represent a separate intrusion, referred to as Khamal anorthosite-gabbro complex. The complex constitutes gabbros, and anorthosites as well as numerous occurrences of Fe-Ti mineralization. The marginal gabbronorite unit represents the chilled margin of the intrusion where a hornfelsic zone occurs in the older dioritic rocks of the diorite-tonalite-granodiorite complex. The rocks of the hornfelsic zone were described as jotunite and mangerite by Pellaton (1979) and were considered as a part of the intrusion. On the basis of field and petrographic studies, the complex is divided into four units namely; 1) KU1 Marginal gabbro unit, 2) KU2 Anorthosites, 3) KU3 Central gabbros, and 4) KU4 Northern gabbronorite.
Marginal Gabbro Unit (KU1)
The marginal gabbro unit (KU1), forms a horse-shoe like body with variable lithological composition and width (≈ 1 km wide), and shows a pronounced layering (Fig. 3D ). On the band ratios image (Fig. 1) , it is dark red. South of Wadi Al Mahallah, the marginal gabbro is intruded by the younger granite which contains roof-pendants of it (Fig. 3E ). The contact is characterized by a hornfels zone of tens of meters in width where hornblende is recrystallized to granular pyroxene. Three rock types are recognized forming the marginal gabbro: a) coarse-grained norite, b) medium-grained gabbronorite, and c) medium-grained gabbro. The contacts between these rock types are gradational and oftenly difficult to be delineated in the field.
a-The coarse-grained norite is melanocratic and consists essentially of orthopyroxene and plagioclase. The later shows variation in abundance ranges from 35% to 50% (An 48-58 ; average of An 54 ). Primary ac-cessory minerals include Fe-Ti oxides, clinopyroxene, quartz, biotite and apatite. Most orthopyroxene crystals contain exsolution intergrowths of clinopyroxene as very thin to hair-like crystals along the cleavage planes of orthopyroxene (Fig. 3F ). Abundant reddish brown to brown and black inclusions and acicular rutile are very abundant in orthopyroxene, developing schiller structure. Opaque minerals include magnetite, hematite, ilmenite and hemoilmenite.
b-The medium-grained gabbronorite constitutes the major part of the marginal gabbro unit (KU1). It is melanocratic and consists of orthopyroxene, clinopyroxene and plagioclase of andesine composition (An 44-52 ; average An 48 ). The plagioclase constitutes about 40% to 60%. Minor primary phases include, in relative decreasing abundances, olivine, hornblende, biotite, ilmenite and apatite. The gabbronorite shows wide variation in the ortho-pyroxene/clinopyroxene ratio. Orthopyroxene crystals contain abundant exsolution lamellae of clinopyroxene, and poikilitic inclusions of Fe-Ti oxides.
c-The medium-grained gabbro, locally grades to olivine gabbro, represents a minor part of the marginal gabbro unit. The rock is mediumgrained, melanocratic and consists of plagioclase, clinopyroxene, and minor quartz, olivine, opaques and orthopyroxene. Plagioclase is the most abundant from 50% to 60% of the rock. The plagioclase displays a wide compositional range (An 38-47 ) with an average of An 44 .
Khamal Anorthosite Unit (KU2)
Based on the band ratios image ( Fig. 1 ) two types of Khamal anorthosites were distinguished: a) the central and b) the peripheral types. These units show pale red and brick red image signatures respectively. The Khamal anorthosite unit (KU2), which was intermittently quarried, is a massif-type andesine anorthosite, according to the definition of Emslie and Hegner (1993) and Ashwal (1993) . The anorthosite which forms the core of the complex and constitutes the major part of the KAGC was intruded by the olivine gabbro, melagabbronorite and oxides-apatitebearing gabbronorite and (KU3) and the northern gabbronorite (KU4). Large xenoliths and rafts of the anorthosite are encountered in the KU3 and KU4 units. The anorthosite also occurs as roof-pendents in the oxides-apatite-bearing gabbronorite (KU2). The contact between the anorthosite and the marginal gabbro (KU1) is locally gradational, but in other instances sharp contacts are also recorded. The anorthosites are intruded by dike-like granitic bodies (Fig. 4A) . The relationship between these dike-like granitic rocks and the granitic bodies intruded into the southern ultramafic-mafic and the marginal gabbro is difficult to assess in the absence of chemistry and age dating.
These anorthosites are leucocratic and show great color variation (grey, deep bluish grey, dark violet-grey to blackish violet) and grain size (0.2 mm to 6mm). The coarse-grained variety displays typical cumulate texture (Fig. 4B) . The anorthosite consists of plagioclase of andesine composition (An 45-54 ) and minor clinopyroxene. Accessory minerals include apatite, Fe-Ti oxides and rutile. Secondary minerals include chlorite, amphibole, epidote, quartz and sericite. Clinopyroxene, which is the main mineral, is fine-to medium-grained, anhedral, sometimes with fluidal-like form occupying the interstices between the coarse feldspar crystals (Fig. 4C ). Some crystals are partially altered to green amphibole (actinolite-uralite mixture). Presence of chlorite associated with quartz and epidote in some feldspar grains indicates that this assemblage is the product of feldspar alteration.
Central gabbroic unit (KU3)
These rocks occupy the central part of the KAGC and are younger than the anorthosites, where rafts and xenoliths of different sizes as well as roof pendants of anorthosite are enclosed in the melagabbronorite (Fig.  4D ) all suggesting the intrusive nature of this unit. Based on field and petrographic study, the central gabbroic rocks can be differentiated into three rock types differing in appearance, layering and associated mineralizations, namely: a) olivine gabbro, b) melagabbronorite and c) Fe-Ti oxides-apatite gabbronorite.
a) The olivine gabbro is the least abundant rock type in the central gabbroic unit and constitutes most of the southern part of it. Layering is parallel to overlying melagabbronorite. On the band ratios image (Fig. 1) , this unit shows dark red image signature. The olivine gabbro consists of olivine, clinopyroxene (diopside to diopsidic augite), orthopyroxene, plagioclase, minor hornblende, oxides and accessory apatite. Olivine is the requently abundant and some crystals show subsolidus reaction with the development of clinopyroxene corona texture. Few crystals of clinopyroxene are altered to brownish hornblende. Most of the orthopyroxene (bronzite) contain exsolution intergrowths of clinopyroxene. Plagioclase is medium to coarse grained, prismatic to lath-like shape with an average composition (An 70-80), and as fine granular crystals possibly recrystallized under equilibrium conditions. Ilmenite and magnetite are abundant. b) The melagabbronorite is characterized by the presence of cumulus pyroxene layers and intercumulus plagioclase, disseminated sulfides, and the presence of numerous gossaneous bodies. On the band ratios image (Fig. 1) , this unit appears with violet image signature. It is melanocratic with >70% mafic minerals. In thin sections, it consists of clino-and orthopyroxene, and plagioclase. Accessory minerals are magnetite, ilmen-ite, chalcopyrite, pyrrhotite, and pyrite with rare apatite. Clino-and orthopyroxene form subparallel elongated patches and bands of cluster aggregates imparting to the rock the cumulate texture (Fig. 4E) . The plagioclase feldspar is less abundant, 30-45%. Sulfide minerals are common and include chalcopyrite, pyrrhotite and less common pyrite. Ilmenite and magnetite are also abundant.
The melagabbronorite is associated with a gossan of limited extension, few square meters up to tens of square meters, occurs in the central part of Wadi Khamal area (Fig. 4F) . The gossans occur in veinlets and massive bodies (Fig. 5A ) and composed mainly of iron oxides. Opaques mineral sulfides and oxides are commonly disseminated between and enclosed by the pyroxenes and rarely with plagioclase. The sulfides mainly pyrrhotite is commonly altered to marcasite ( Fig. 5B ) with minor amounts of pyrite and chalcopyrite. The oxides are represented by homogenous ilmenite and magnetite (Fig. 5C ).
Representative samples from the melagabbronorite and associated gossans were analyzed for their Au, Pt, Pd, Cu and Ni contents at ACME labs; Canada. The results are shown in Table 2 . The Au, Pt, Pd and Ni values of the melagabbronorite are below the average of the mafic rocks while Cu values are slightly higher. The gossans are slightly enriched in Au, Pt, Pd, when compared with melagabbronorite, but the reported values are not encouraging. A sample from the same gossan exposures gave 7.2 g/t Pt, 0.82 g/t Pd and 6.2 g/t Au, and sulfide mineralization which was intersected by drill holes gave 0.4 g/t Pt and 0.27 g/t Pd, 0.71 % Ni (Collenette and Grainger, 1994) . It is recommended to drill more holes along the strike of the melagabbronorite layer which is generally dipping to the north underneath the Fe-Ti oxides-apatite gabbronorite. Rose et al. (1979) ., -= < 0.1, na = not analyzed Fig. 5 . A. Veinlets and massive bodies of iron oxides in melagabbronorite associated gossans. B. Magnetite with ilmenite trellis intergrowths associated with pyrrhotite altered to marcasite. P.T.S., P.P.L., 550x. C. Discrete magnetite with ilmenite intergrowths enclosed in pyroxenes. P.T.S., P.P.L., 550x. D. A close association of cluster aggregates of apatite and ilmenite in the Fe-Tioxide-apatite gabbronorite. P.P.L., 30x. E. A layered sequence of massive and disseminated nelsonite ores at sharp contact with anorthosite. F. Massive nelsonite ore consisting of rounded and subhedral apatite (dark grey) setin a ground mass of magnetite (M) and ilmenite (I). P.S., P.P.L., 30x.
c) The Fe-Ti oxides-apatite gabbronorite occurs in the central part of the KAGC and is noticeably enriched in opaques and apatite. The apatite constitutes up to 5%. This rock consists of clinopyroxene and plagioclase with minor orthopyroxene, magnetite and ilmenite and apatite. Plagioclase is the most abundant, 40 -50%. It is a soda labradorite (An 45-58 , average An 52 ). Clinopyroxene is the second most abundant. Chadacrysts of apatite and ilmenite are frequent in clinopyroxene. Apatite occurs as large subhedral to euhedral crystals, 0.2mm up to 2 mm, sporadically scattered and form cluster aggregates with ilmenite (Fig. 5D) .
A recent study by Harbi et al. (2006) , led to the discovery of a nelsonite-type deposits and described two main types of the Fe-Ti oxide mineralizations associated with the Fe-Ti oxides -apatite gabbronorite of the central gabbroic unit (KU3): a) massive nelsonite bands consist of magnetite-ilmenite and apatite in different proportions with minor interstitial silicates and b) massive magnetite-ilmenite ore which occurs either as bands intercalated with nelsonite or as dike-like bodies hosted by the anorthosite in contact with Fe-Ti oxides -apatite gabbronorite.
a) Massive magnetite-ilmenite-apatite mineralization (Nelsonite)
This type of mineralization occurs in massive layers or bands, tens of cms up to ≈ 20m in thickness and extends for tens of meters up to 100s of meters along strike (Fig. 5E ). The massive ore is composed essentially of magnetite, ilmenite and variable apatite content (15 -40%, X= 24.69%) (Fig. 5F ). Other minerals identified include plagioclase, pyroxene, green spinel, and sulfides (mainly pyrite, pyrrhotite and chalcopyrite) which constitute less than 10% of the ore mode. The contact between the massive ore and the mineralized gabbronorite is either sharp or gradational (Figs. 6A and 6B ). Close to the contact with the Fe-Ti oxides-apatite gabbronorite, the banded massive ore is characterized by ovoid to lensoid inclusions (up to 10 cm in diameter) (Figs. 6C and 6D ). These inclusions are mineralogically similar to the gabbronorite and contain disseminated Fe-Ti oxides (≈ 10%), but they are fine-grained compared to those of the gabbronorite. Also, the apatite crystals in these inclusions are very finegrained (0.12 mm) compared to those present in the massive ore (few mms in diameter).
b) Massive magnetite-ilmenite
This type is found as dyke-like bodies, few meters thick and tens of meters long, intruded the anorthosites and is usually found in close proximity to the nelsonite (Fig. 6E) . The margins of these dyke-like bodies are charac-terized by the presence of nelsonite envelopes of variable thickness. Also, the massive magnetite-ilmenite ore occurs as bands locally intercalated with nelsonite, where the contact with the later is gradational. This type of ore consists essentially of magnetite (60%) and ilmenite (≈ 35%). Other minerals identified (< 5%) include green spinel and a silicate mineral (chlorite ?) and occur as fine grains along the contact as well as the triple junction points between ilmenite and magnetite crystals (Fig.  6F) . The close spatial association, mineralogical similarities between the gabbronorite and the nelsonite, and the variable Fe-Ti oxides/apatite ratios suggest that the nelsonite was formed as accumulations by in situ fractional crystallization of Fe, Ti, P and volatiles-rich gabbroic magma. The formation of the massive magnetite-ilmenite ore is attributed to high fO 2 and later mobility and injection into the anorthosite host rocks.
Northern Gabbronorite Unit (KU4)
The northern gabbronorite unit (KU4) occupies the northern part of the KAGC. Unlike the central gabbroic unit (KU3), the rocks of the northern gabbronorite are devoid of Fe-Ti mineralization. However, it consists of feldspar, clinopyroxene, orthopyroxene and opaque oxides with minor olivine. The plagioclase has an andesine composition (An 40-46 ). On the band ratios image (Fig. 1) this unit shows dark red image signature.
Major Oxides Geochemistry
This section deals with the major elements geochemical characteristics of the ultramafic-mafic rocks of the Wadi Khamal and and Nabt ultramafic-mafic rocks in the south and south west of the study area (17 and 74 samples, respectively). The later includes the ophiolitic rock suite (serpentinites, pyroxenites and peridotites), the melagabbronorite and the cumulate gabbronorite. The diversity of these two complexes as indicated by the field relationships and petrographic studies is also confirmed using the major element characteristics of the different rock types. Major elements were determined by inductively coupled plasma-mass spectrometry (ICP-MS) after fusion of 0.2 gm of the powdered sample by LiBO 2 , at the ACME analytical laboratories, Canada. Total C and S were determined by Leco, and loss on ignition (LOI.) is determined by heating a known weight of sample to 1000°C for one hour. The total carbon is recalculated as CO 2 .
Major Elements Characteristics of Southern Ultramafic-Mafic Rocks
The major element contents of the southern ultramafic-mafic rocks show wide variations (Table 3 ). The melagabbronorite unit shows an overall higher SiO 2, TiO 2 , Al 2 O 3 Na 2 O, and K 2 O, and lower MgO and Fe 2 O 3 than the other rocks. These chemical features are best shown in the variation diagrams (Fig. 8) , where MgO is used as an index of fractionation. Although, field relationships of the melagabbronorite rocks to the ophiolitic rocks and the cumulate gabbronorite are obscured and difficult to be verified in the field, yet major element variations reveal that these rocks plot in three distinct compositional fields and trends (Fig. 8) .
Peridotites (lherzolite and weherlite) display the highest MgO content, from 32 wt% in lherzolite to 23wt% in weherlite (Table 3 and Fig. 8 ). These samples have rather uniform major element composition, except one weherlite sample (highly serpentinized) has relatively high SiO 2 , CaO and lower Fe 2 O 3 contents. Al 2 O 3 , CaO, Na 2 O, K 2 O, and TiO 2 contents of both rock types are generally low. The cumulate nature of the ultramafic rocks is evident on the MgO-CaO-Al 2 O 3 ternary diagram (Fig.  9) , where they approach and overlap the field of metamorphic peridotite and ultramafic cumulate. The pyroxenite falls mainly in the field of ultramafic cumulate. Al Gamdi (1994) analyzed the pyroxenites and the harzburgite for the PGEs in addition to Ni and Cu and found that the pyroxenite are characterized by higher Ni/Cu ratios and lower Pd/Ir ratios which indicate their ophiolitic affinity. On the AFM diagram, the ophiolitic ultramafic and cumulate gabbronorite plot along the MgO-FeO side in the tholeiitic field while those of the melagabbronorite plot close to boundary between the calc-alkaline and tholeiitic fields (Fig. 10A) . The southern ultramafic-mafic rocks are plotted on Jensen diagram (Jensen, 1976) to determine their parent liquid composition as well as the genetic relationship of these rocks. The southern ultramafic rocks are plotted entirely in the ultramafic komatiite field (Fig. 11) , while those of the cumulate gabbronorite plot entirely in the basaltic komatiite field. The melagabbronorite samples plot collectively within the calc-alkaline field. This confirms the presence of three distinct magmatic units revealed from the major element variation.
Moreover, the plot does not follow Skaergaard trend, indicating a more mafic liquid source for the southern ultramafic-mafic rocks when compared with those from the Khamal anorthosite-gabbro complex on the AFM diagram (Fig. 10B &14) indicating that the former is probably derived from a source rather different from magma source(s) which formed the Khamal anorthosite-gabbro complex. The field boundary between tholeiitic and calc-alkaline fields in (A) is after Irvine and Baragar (1971) . MAR is the average composition of mid-oceanic ridge basalt. Other fields in (B) are after Coleman (1977) . 
Major Elements Characteristics of the Wadi Khamal Complex
The major element concentrations of samples from the different rock types of the whole KAGC generally reflect the wide change in the modal composition from the marginal gabbro unit (KU1) to the northern one (KU4). The major element variations are wide and conspicuous among the gabbroic rocks of the KAGC (Table 4 ). The variation diagrams using the Mg-number (Mg#) as index of differentiation (Mg# = Mg/Mg + Fe x 100) (Fig. 12A to I) show that the marginal, central and northern gabbros have three distinct and different trends. SiO 2 , Al 2 O 3 , CaO, MgO and Na 2 O decrease with increasing differentiation (decrease Mg#), Fe 2 O 3 increases with increasing differentiation. The anorthosite samples display wide variation in the Mg-number (Mg# = 30-65), with limited variations in SiO 2 , TiO 2 , CaO and MgO which indicate variable modal content of the ferromagnesian minerals. The change in the complex, grading inwards from medium-grained gabbro to anorthositic gabbro to gabbroic anorthosite, and then to the anorthosite is consistent with the chemical variations portrayed on most of the diagrams (Fig. 12) . This indicates the cogenetic and co-magmatic relationship of the anorthosite and the rocks of the outer marginal gabbro unit. The marginal gabbro samples display more scatter, variable and wide major oxides variations especially SiO 2 (47.46-59.96%), Al 2 O 3 (11.4-22.33%), CaO (6.73-10.22%) and Mg# (47.11-69.63%) which may reflect some sort of contamination particularly in samples collected close to the contact with host country rocks, where, they contain the highest SiO 2 (SiO 2 > 57%). The central gabbro unit (KU3) comprises the olivine gabbro, melagabbronorite and Fe-Ti oxides-apatite gabbronorite (ilmenitemagnetite-apatite gabbronorite). These three rock types show distinct trends and cluster on the variation diagrams. They have characteristic enrichment and depletion in their major elements. Compared to the gabbroic rocks from both the marginal (KU1) and the northern gabbros (KU4), the rocks of the central gabbroic unit (KU3) with the exception of olivine gabbro, are markedly enriched in TiO 2 (0.39-4.96%), Fe 2 O 3 (9.73-21.03%), P 2 O 5 (0.04-2.09%), .70%); and still lower in Na 2 O, K 2 O and Al 2 O 3 . This may indicate that the central gabbroic rocks were derived from a different magma source and/or have different evolution and fractionation trend. The olivine gabbro of the central gabbro unit (KU3) forms a separate array with highest MgO and extremely low K 2 O, Na 2 O and CaO on the variation diagrams. These rocks most probably resulted from accumulation of olivine, orthopyroxene ±Fe-Ti oxides during crystallization, and therefore do not represent any liquid composition (Areback, 1995) .
The northern gabbronorite unit (KU4) is represented by the gabbronorite samples which are less evolved and have the highest Mg number (Mg# = 56.4-75.36). They display a different fractionation trend on the variation diagrams (Fig. 12) , where SiO 2 , Al 2 O 3 , MgO, Na 2 O decrease with decreasing Mg# while TiO 2 , Fe 2 O 3 , and CaO increase. The anorthosite samples from the Khamal anorthosite-gabbro complex tend to be higher in feldspar components (Al 2 O 3 , CaO, Na 2 O and K 2 O) (Fig. 12, Table 4 ) compared with the more mafic member of the complex.
Comparing with other worldwide massif-type anorthosite suites, the field relationships and geochemical trends are most easily explained by crystal melt fractionation and accumulation of plagioclase feldspar (e.g. Buddington, 1972; Haskin and Salpas, 1992; Ashwal, 1993; Markl and Frost, 1999) . For example, Fe 2 O 3 * and MgO decrease and Al 2 O 3 and CaO increase from marginal gabbroic rocks (norite, gabbronorite and gabbro) to anorthosite (Fig. 13A & B) . This trend reflects the gradational change in modal proportions of primary cumulates plagioclase and pyroxene (e.g. Simmons and Hanson, 1978) . The trends of the Khamal anorthositegabbro complex (Fig. 13A and B) are very similar and coincide with the evolution trends of the Red River anorthosite suite (Miller and Barr, 2000) .
The AFM diagrams (Fig. 14A & B) show significant variation among the four units of the Khamal anorthosite-gabbro complex. It is evident that both the marginal gabbro unit (KU1) and anorthosite unit (KU2) have a calc alkaline differentiation trend while those of the central gabbro unit (KU3) and the northern gabbronorite (KU4) show a distinct and different trend parallel to the FeO*-MgO side line and belong to the tholeiitic differentiation (Fig. 14B) .
According to the classification of Le Maitre (1989), both calc alkaline and tholeiitic rocks belong to the low-K series. On the classification K 2 O-SiO 2 diagram, all the investigated rocks of the Khamal anorthositegabbro complex plot in the low K-field (Fig. 15) . However, the presence of both calc-alkaline and tholeiitic rocks in the same complex was described in Laouri area, Algeria (Cottin et al., 1998) . Fig. 13 . Plots of (A) FeO* against Al 2 O 3 , and (B) MgO against Al 2 O 3 illustrating the differing evolutionary trends for samples from the Khamal anorthosite-gabbro complex. Symbols as in Fig. 12 . The stippled field is the evolutionary trend of the Red River anorthosite suite and Charnockite unit (Miller and Barr, 2000) . Ashwal (1993) . Light stippled field is field of Laramie Anorthosite complex (Mitchell et al., 1995) . Diagonally lined fields represent the Qasad anorthosite, AJibub area, Arabian Shield (French and Sindi, 1983) . Horizontal lined field is the Khamal anorthosite, KU2; Vertically lined field is the northern gabbro unite (KU4); heavy stippled field is the central gabbro unit (KU3). 
Summary and Conclusions
Field, petrography and major elements geochemistry of the ultramafic -mafic rocks of Wadi Khamal area led to the recognition of the following rock groups, namely: 1) ophiolitic suite, melagabbronorite and cumulate gabbronorite to the south of Wadi Mahalah (southern ultramafic-mafic rocks) and 2) Wadi Khamal anorthosite-gabbro complex to the north.
The geochemical investigation is adopted first to verify the petrologic subdivision of both the KAGC and the southern ultramafic-mafic rocks and clarify the geochemical characteristics of the rocks of each rock unit. The second approach is the attempt to determine whether these rock units are genetically-related and derived from the same magma source or they are evolved from more than one source.
A general inspection of the compositional variation of the major elements in the different rocks confirms the existence of four magmatic units in KAGC (KU1, KU2, KU3 and KU4) distinct from the ophiolitic ultramafic (serpentinite, peridotites and pyroxenites) and mafic (melagabbronorite and cumulate gabbronorite) rocks exposed in the southern area.
Unlike the Khamal complex, the southern ultramafic-mafic rocks are not genetically related. The serpentinites, peridotites, pyroxenites and cumulate gabbronorite show peculiar major elements composition and variation which indicate that they were derived from Mg-rich (komatiitic) basaltic source. However, field study has revealed that the cumulate gabbronorite intruded the ultramafic rocks in the southern area. The melagabbronorite is likely to be derived from calc alkaline magma.
The different rock types in the four units of the KAGC (KU1 to KU4) have major elements characteristics suggesting that these rocks were derived from three different magma sources.
The marginal gabbros and anorthosites units (KU1 and KU2, respectively) constitute a compositional continuum with a wide range in most of their major elements composition which indicate the co-magmatic relationship and suggest they were derived from the same source.
Khamal anorthosite shows an overall chemical abundance and distinct trend on most of the variation diagrams. They show marked depletion in major elements compositions which are indicative to their calcalkaline affinity. These chemical features are indicators of high degrees of plagioclase accumulation and common characteristics of massif-type anorthosite (Ashwal, 1993; Gerninger et al., 1998) .
The central gabbronorite unit (KU3) is markedly enriched in TiO 2 (0.4 -4.96 wt%), Fe 2 O 3 (9.7 -21 wt%), P 2 O 5 (0.04 -2.09 wt%) and suggesting an Fe-rich tholeiitic magma.
The rocks of the northern gabbronorite unit (KU4) have the highest Mg number (Mg* = 56 -75 with an average value = 67), and therefore are considered as the least evolved rocks within the Khamal anorthositegabbro complex.
Concerning the Fe-Ti oxide mineralizations, two main types were recognized and are associated with the Wadi Khamal central Fe-Ti oxides-apatite gabbronorite unit (KU3): 1) Massive nelsonite bands consisting of magnetite-ilmenite and apatite in different proportions with minor interstitial silicates.
2) Massive magnetite-ilmenite ore which is present either as bands intercalated with nelsonite or as dike-like bodies hosted by the anorthosite in contact with Fe-Ti oxides-apatite gabbronorite with nelsonite envelopes of variable thicknesses.
The Fe-Ti oxide ± apatite deposits are known to be associated with Proterozoic massif anorthosites and related rocks (Kolker, 1982; Epler et al., 1986; Force and Carter, 1986; Areback and Stigh, 2000; Dymek, and Owens, 2001) , and tholeiitic layered intrusions (Reynolds, 1985a and b; Von Gruenewaldt et al., 1985; Klemm et al., 1985; McCann et al., 1998; Ripley et al., 1998) . Different hypotheses have been proposed for the origin of oxidesapatite rocks associated with massif anorthosites and include; hydrothermal replacement of preexisting rocks (Ross, 1941) ; immiscibility of oxide-apatite melt with oxides: apatite ratio ≈ 2:1 (Philpotts, 1967); accumulation of apatite and oxide minerals by crystal settling (Emslie, 1975) ; fractional crystallization prior to melt immiscibility for Fe-Ti oxide deposits with widely variable apatite and silicates contents (McLelland et al., 1994) ; extreme crystal fractionation, unless partial melting of Ti and P rich crustal rocks has occurred (Naslund et al., 2002 and Nabil et al., 2003) ; products of cumulus development and subsequent mobilization through filter pressing for ore with variable apatite content (Dymek and Owens, 2001 ). Reynolds (1985a) divided the ores associated with the upper zone of Bushveld Complex into three groups; 1) apatite poor high Ti-magnetite association, 2) apatite poor low Ti-magnetite association, and 3) apatite rich high Ti magnetite association. Apatite poor high Ti-magnetite and apatite-poor low Ti-magnetite associations are present both as disseminations and ore-rich layers. These associations were formed in response to normal fractional crystallization processes, the formation of ore-rich layers being triggered by episodic increase in fO 2 . The formation of apatite rich-high Ti magnetite association which is present both as disseminations and ore-rich layers is attributed to the separation of immiscible FeTi-P enriched liquids from late stage dioritic residual melt. Bergstol (1972) described an association of magnetite, ilmenite and apatite ore in the form of a dike, referred to as jacupirangite, cutting through larvikite and nordmarkite. The jacupirangite shows oxides: apatite ratio of 2:1 and attributed its formation to an immiscible oxide-apatite melt during the fractionation of a monzonitic magma and the melt accumulated at the lower part of the magma chamber as magmatic segrega-tions. Under favorable tectonic conditions, the segregated melt was injected into the surrounding rocks.
Previous studies by Chevremont and Johan (1981) identified two types of Fe-Ti oxide mineralization. The first type is located at the base of the anorthosite unit, originating from an iron-rich residual liquid expelled downwards as a result of plagioclase flotation. The second type occurs as lenses of disseminated to massive magnetite-ilmenite in a melagabbro intrusion (oxides-apatite gabbronorite of the present study) close to the anorthosite. This implies that the anorthosites and the Fe-Ti oxides-apatite gabbronorite were crystallized from one and the same magma.
Any model proposed for Wadi Khamal Fe-Ti oxide and apatite mineralization should explain the following field, petrographic and geochemical features:
1-The close spatial association of the massive ores with Fe-Ti oxides -apatite gabbronorite. The contact between the massive ore and the Fe-Ti oxides-apatite gabbronorite host is gradational. Also the contact between the nelsonite and the massive magnetite-ilmenite ore bands is gradational.
2-The similarity of the ore minerals in types 1 and 2 and in the Fe-Ti oxides-apatite gabbronorite.
3-The nelsonites do not have a 2:1 oxides/apatite ratios where the apatite contents range between 15-40% with an average of about 25%. 4-Type 2 is devoid of apatite and is composed essentially of magnetite and ilmenite and its presence as dike-like bodies with nelsonite selvages in anorthosites adjacent to the Fe-Ti oxide-apatite gabbronorite.
5-The occurrence of large anorthosite blocks within the melagabbronorite (which is enriched both in sulfides and Fe-Ti oxides associated with the cumulus pyroxene bands) and the Fe-Ti oxides-apatite gabbronorite.
6-The presence of apatite as cumulus crystals with early formed pyroxenes and plagioclases.
7-Late crystallization of the Fe-Ti oxides interstitial to silicates.
8-The presence of ovoid inclusions from gabbronorite in the massive nelsonite ore. 9-The geochemical studies indicate that the marginal gabbro unit (KU1) and the anorthosites (KU2) were crystallized from the same magma and was intruded later by a tholeiitic magma which upon fractional crystallization gave the different rocks of the central gabbroic unit (olivine gabbro, melagabbronorite and Fe-Ti oxides-apatite gabbronorite with the associated Fe-Ti oxides and apatite ores).
The above mentioned features lead to the suggestion of the following stages for the origin of the Wadi Khamal Fe-Ti oxides ± apatite mineralizations; 1-The anorthosite was intruded by a magma which upon fractionation gave rise to an early differentiates (olivine gabbro and melagabbronorite) and a residual liquid enriched in Fe-Ti-P.
2-Apatite was separated as a cumulus phase with plagioclases and pyroxenes.
3-With progressive fractional crystallization, the interstitial melt was more enriched in Fe, Ti and P from which Fe-Ti oxides and apatite were crystallized and segregated by gravitational settling, thus leading to the formation of the massive ores. The mineralogical differences observed among the different types of the ores can be explained in terms of crystallization at different fO 2 and temperatures.
4-Due to tectonic deformation, the segregated melt was injected via filter pressing into the surrounding anorthosite. 
